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STELLAR COPULAl IONS 01 HIGHLY MAGNIFIED LENSED GALAXIES: YOUNG STAR BURSTS AT Z - 2, 

Eva Wuyts - 1 Jan* k Kn:m , \hCHAkL D Glaboehs 1 Davus G- GILBakiT 1 , eC£rlk SmutOH*, Mao** B. CftAttA* 1 *, 

Matthew il. Ravtjss 3 1 

/>nA WHiWi F**rudf* 24 , 20tt 

abstract 

We proient s con p reh aMiwf analysis of the ns^fnipe UV to near-lR spectral floer^r dir. rihut ions 
and ’■Htt-ffnlrm optical upfetra of fod! of t he brightest f^iavUatMjnaJlv Prised ga.'axi’'-* in the liter* '. -lit 
RCSGA 002727-132609 at i - i 7ft MSiSL^cBS* at x = 2.73, SGAS J152745 1-H)052J0 at i - 2.70 
and SGAS 31 22651. 3+2 Kh 22D at z ~ 2.92. This includes new Sp^Ucr imaging for RCSGAG327 *** iret! 
a# new xpectra, n^v-IR imaging and Spitic' imaging for SGAS1527 and SGAS 1226. Lemung n^ni* 
ficAt mjIl> of 3-4 magnitude allow a detailed study of the stellar populations and physical condition* 

We compare star formation rates as mawired from the SED fit, :h« Ha and 40 III A3727 emission 
tinea, and the UV+IR botoimHrir him i nudity where 24 photometry is available The SPR intimate 
from thn SED fit is roo&i*t#iUly higher than the other indicator*,. which suggests ihafi the Ca-zmi dust 
extinction law uaed in the SED fitting is too fiat for young star-foming galaxies at * ^ 1 Our analysis 
finds aim liar nteTlar population parameters for *31 four longed galaxies stellar maa&*ss 3 - 7 ^ 1O 0 M 0 . 
young agiw — 100 Myr little dust content E(B - 10-0.25, end star formation rates around 2D 

IDOM^ yr - Compared to typical value? for the galaxy population at r ^ 2, this suggests we are 
looking Fit newly formed. Utarbli rating Systems that. ha T C only recently started the build-up of Atellar 
nuutfi. Thew result A constitute the first detailed, uniform andyfiis of a sample of (he growing number 
of strongly Icnted galaxies known at x - 2. 

Subject headings galaxies; high-mlahLft, strung gravitational lending, infrared: galaxies 


1. rNmoDLCTiav 

Recent years have ftoeti a Significant rise In the number 
of known gravitationally lemted gnJaxic* at * = 1 -3, 
both reported from wellnlefinod survey scyucbns [Bolton 
et ai 2000, Cabanac r( si 2007, Hotinawi et al 2008, 
Lin et al 21X19, Gladden el al. 2011 in preparation) 
and from serendipitous ductrveriafi (A Ham et al. 200V: 
Itotokurew et al 2007; Small cl al. 2007 31 The hon- 
ing magnification grant* atca® to high signal tonotpe 
photometric and $pc< ^ trosrcjplr obfcrvatfotis over n wide 
range of wavelcngllis a«d cr«Jiw unktup upportututM 
for very driaafrd study of tb* stellar populations, dy- 
namics and physical condition* of mtar-funniiig galaxies 
hi i ^ 2. compfomenliijg ^tatiaiical itiidies of Large sam- 
ples of anlenaed star- forming galaxies at tbrw mishifts 
i<s-g. Ehmpky ct al 20W, Erb et a|. 2006m Daddi et 
al. 2007, Reddy as al 3010). Today, these tfudlas arc 
limited by systematic itncscrtaiiuli^ rdated to the recipe 
used to eftsmato physical parameters such a? mrtallk- 
sty. dual eit;nrUon. srar foTtna" ion tale and alar forma- 
i.on history Until the era of extremely large tefoacopni, 
lensed g&tnxies ptwide uniuuc opport unities bo increase 
our physical uiidcistanding of tbc CSHDpoartkm and aa- 
staably biatory of stellar |Topnluiinns during this perioc 
of peak star formation in ihe Ufilvrrsr 

Bmd m pmrt «i < itimviiljiifuf sc±l*r%rt ■! tb« Ap^Ja* 

Fornfc Ot^rvutory ttlmiopi in M«w Mesuai, Hue h w owimd uid 
a|^nr*Li't| by Aft^hyilal Hmirh Cmunriicitn 

■ of Aptnifinniy *u*l Altro^hvim, Lioivurmity of 

Cbkcua, 564C 3 FUila Av , Chkjign. »- 00*^7 

1 Krtvli Smirmjtr tor OgnniuEfjgici*l I’h^^ of 

Chk-ijio, /"ifcu Awhije, rWcago, II. 60637 

3 ObfttirvbiNdiAJ Ccaqi«Ec»ay Lull, NASA GocUUrd Sfmca Flight 
Ceiitcf, M D 2U773 

1 ncpitfUniart nf FUyaki vle! Aitnifiunjjf, CnivcmlEy d W#1 ^rioct, 
Wilfrlori, OnUirln, N3E. .IG I , Ghiimdu 


So far in osi fofk^lng ayN(eims have Iwji hLudied indi- 
vidually, based on different follow- up oh«i. , rvn l 5nr.h and 
analyflis teehniques, Tn take ad vantage of the growing 
number of known strongly lenaed sourCti, it a cruck] U* 
Invest in a uniform study of their propontab. in thin pw 
per we praeni a full analy^u of mu Eli wavelength pho 
icfiietry and refit-frame optical apecutaeop^ 1 of four of 
the brighter disteui? lensed gaiaxwe known to date RC~ 
SGA 032727- 13260P was recently dimjvwjd in the Sec- 
ond Rrd Sequence Cluster Surwv [Gfibaiik et al 3011 ) 
initial ana!y&fi of uptkal/near-Ift photometry am! con- 
st ruction of a tons mode] for the foreground galaxy dus- 
ter htr described in Wuyts et &|, (2010) Rost-fraiue op- 
tical spectroscopy from Krck/N'IRSFTC is preao^ted in 
Rigby et al (20U). This paper adds Spit^CT imagtng 
to the SED to psrobe the rest-frame near-IR MS1512- 
cB58 has been studied e3(ivn«.vely since iia discovery 
i‘Yi« et al 1996} and a inuttitude of pfaototneiHc and 
erpeetmeoopk data is available for this system (FLUng 
son et al 1996: Teplita et al, 200ft Sian* et al 3006), 
SGAS J 152743.1^065219 and SGAS J1226M 3* 215320 
are part of the SDS5 Giam Arcs Survey (Bay]iv et al 
2011); optical photometry and lens mudek are reported 
in Koefiter et d. (30 10). Here wv prencuE near-in and 
Spr.zer irnaglcg as wrL oJ retn-frame npi.ra! specr ra for 
both sourett. We will refer to these galaxies (in RfV 

SGA0327, cB&B f SCAS1537 ^d SC AS 1226 
The paper Is organised ss follows. %2 describes the 
rear- JR and Spitzrr imaging and the rent- f run h- optscaj 
spectltxscxjpy. The methods 'LSed for ibe pbotomef.ric; 
analysis and cpectraJ energy difitiibution tnorlelLug, ak 
well as the vnriaiiiS roddon'iug and aLar fornkation ral*? di- 
agnoatica are dificuased in §3, §4 prtwUfl ths physical 
conditions mA stellar populations of the innsed gaiaxiiw 
as derived from these methods. We adopt a Hal o-hsmnl- 


2 


ogy with Our = 0,3 and Ifo ~ TUkrue -1 Mpc“* All 
m&gnUiitk* are quoted in ibt AB sy&vcm 

l OBSERVATIONS AND DATA RRHWnOi 
2 1 fm&gtftg 

Optical and near 1R phmmn*try of RG5GA0327 and 
optica! phauanotry of SCAS152? and SGAS1226 are 
take! from thuir mpecttw discovery paper® (Wfoyt® et 
a! 2TlGi Koestet al oJ 2010) For cBW. *» lake opti- 
cal tni bw* 1R photometry from Elhnpon rt al ( 1996J 
and SpiLrer photometry from Stan* rt *L (2008), Here 
« preaeni new Sprtscr imaging for RCSGAQ327 as well 
as new n«r 1R and Sparer Imaging for SGAS1527 and 
3GAS1226 

Wf observed SGASI8W and SGAS1226 with the 3 5 in 
telescope at the Apache Point Observatory (APO) in 
New Mexico in the J- h H - and rfi-bauds during four 
half night® on 3010 January 30. February 24, March 4 
and March 29 with seeing of G?7-(f f 9 A pipeline; of stan- 
dard TRAF 1 tusk® is used to nky-subtract and stark the 
ditbe'ed images, giving total integration turns of 3600® 

450U® 3600* in J If - K t for 80AS1&2? and 3600s 
- 3)50 6 ■ 2700® In J - H - h\ for SGAflim 

!R_ftC (F^iq ei at. 2004) and MIPS [fticke et al. 2U04) 
obfiermt.fom of RCSGA0327 and 3G AS 1527 urcre ob- 
tAtneri through Spitzar program 50823 { Pt; M D. Glad- 
der®)* RCSGA0327 wa® ub^-nifd for 600 s in all four 
1RAC bands fm) In MIPS 

21 /in i SG AS 1 527 was otaerved for 3000 m in aU UlAC 
hands and 1300® m 24jJttt. 000a warm IRAC obfer- 
vittfofLH of SC A Si 220 at 3J and 4.5/nn wore obtained 
Lhmuj^h SpiL/cr program 70154 (PI: hi. D. Glnriderm). 
The data m reduced with the MQFEX software dis- 
tributed by the SpitECT Science Center (SCC) and driz- 
lied to a finer pixel scale of 0^ o pur for 1R.AC and 

IfSpbr 1 For MIPS. 

13- fktt-fnrmri uptiad wjK£.iruic&pij 

Keck/ MRS E'EC resit- frame optical Bf*ertra wrrc pub- 
lished for cB58 by feplitz et *1. (2000) and For RC- 
SGAG327 by Rigby et td (2011). Hc?re we present new 
spectra for SCAS1527 and SG AS 1226 

We observed 3G A St 527 and SCAS1226 with the NlR 
SPEC ipectrograph (McLean rt ai 1998) on the K«A II 
icfosoofc cm the mght of 2010* February 4 The weather 
mi clear, and the tmdEig wa® measured a® 0J5* and 
(L48 " when the telescope was fucusrd during the night 
We used the luw-ramluttfm mode ud the 0 76"' k 42" 
®lit which wm mtatoif to position angka uf HI* and 
121* East erf North, rwpecUvely, to toaximire coverage 
of each art, Finder charts showing the location of the aUt 
on each 'afKri are given m Figure J The targets w*re ac- 
quired by offsetting from the brightest duator galaxy cm 
the near-lU ®lsi- viewing riunerm target acquisition was 
verified iy direct Imaging *Uh thin camera. The target ■* 
% < m aocld^l along the slit In an AH [witem, with expe- 
nur tm of 60Ufl. labia 1 aummadies the lIlLere and total 

1 I RAT (laii&o itaiLbctkHj vh: 1 A-li^iyiw F&i lUlyJ Li dliinbutvl 
chr Ni:i:jEiiil Aslcr«r.i:njy OlmimlArlw, *hkJh htb ^i> 

erbtnl by \ I. ' T-LA . Inc., urnier t'ooif&Aliv* ii^c t#ni4Ukt whi Uh Sa- 
tlnimi Scbnoc fVrtaEidailcici. 
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Lntegrasiori times. For SGAS1527, the default grating 
angles were used, but for SGAS1226 th* grating angle® 
were Adj lifted to give vh^ wavefotpgth ranges reported* 
The A0V siara 7 Set and HD WKW65 were observed overe 
hour as tdsjric standard® for SGAS1527 and SGAS1226 
respectively. In addition, V Tllvi and J. Rhuad® of the 
Arizona State University have kindly obtained additional 
®I>octra of SGAS1S2? on 2010, Sopiember 17, wtth the 
same setup The AOV star FT!) 12021, ob«ervect 10 hr 
late, ts meti a® & tdforic fftandard Due to the lime de- 
lay, the absolute fluxing in this bnndpa» should not b* 
trusted. 

Tha apactra are reduced with the mrspBC reduce ivick- 
age written by G. D. Becker. The data reduction, fliix- 
ing, and line- fitting ptoi^duD 1 ^ h re deactibed in Rigby et 
aJ. (2011), Sokr abundances ore taken from Table 1 of 
A&plund at al. (2009). The reduced ®pentra are plotlod 
in Figure® 2 and 3; line Mux™ are reportod In Tablo 2. 
At observed wavelength® whvro ihe EarLh 1 ® Atmosphere 
has very little transmission, smalJ mltmatrhes in airmw^ 
and preeipitable warer vapor (PWV) bnlween the tel- 
luric and the sciemre target can have a effect on th* 
Hux calibration. To quantify r.fos Table 2 report® !.he ex- 
pected atmospheric irtuumL^n^ for Mdh detected endSr 
skin line integrated over the gaussian linn width as givefi 
i n §4.1. The quoted uncer'dinty comhinca the m^ur^ 
tnent uncertainty In the line width*, the symtemanc utir 
oertainiy in PWV and tbe qfitanuttc utcenaloty from 
a 01 airman mismatefc between the telluric end atiooce 
Large; Subecquent calculations Involving line fluxes will 
take into account both the Itr fiux uncenaiiiUc® and the 
fractional uncertainty on the atmoep^ric Lrajn*m!d»iou 

3- METHODS 
3.L Photometry 

Hie photometric ano[>'eis of ihc imaging date follows 
the method detailed in Wujtfi et al. (2010). In short, the 
dala are transformed to a common reference end puw' 
scak 1 and empirical. GOrmalized point spread functions 
(PSF) are created for each image. We define object aper- 
tures by tracing n cup.-e along the exlendpd source and 
convrNving (L with the appropriate PSF. A of apw-rv 
tun:* of increasing T&disJ ertentl an: defrred a® laopliotrs 
of ibis KHivolLftlon. 1 be apertures can be very miidi 
TiDD-circular and are described by equivalent mdll based 
on r i mil ft r a-pertnres List extend tn i.Ne Fame [Ht>phiH^'S 

7 Tbe ^LffioiThlvrk U-axaffiifialur. is b**t:d un tV m*dd almirp 
lim SpcCLT® ftJE M*VA4 Krft published by ibr Q\m*i'V*kX? 

fagxp: // WTrw.g rmiitl a du/®ciop®/ tn1 t c ci p M i iMHit^*/obwtfvtBg- 
roE^allfmKMXrSlrait^/iT-lraiiwLlsmDS Bpectr®. The PWV at lh« 
timi: of QtKHjrvftUDTi* wat iJnnv^j frojh hjetutlcA] ®tfrn lepherk 
cpfedty data ai http^/puuAci.naliech edil/. 
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Fla, i.— Finder charts bhowkg NIHSPEC dk pofctlocm f w SC ABI527 flr/tj ami SG AH 1226 fiV^. botix 45 m 4b". Thi CFMT M^ncun 
r bnpifi irnaffr iif SC AS 1327 and tb. j Coitus CMOS 1 -bsmd of SGASl22fJ (Kowrier ct jii 201A? (uv av^kritei with din HIRSPEC 0 rtf' x 
•12" h:nip.|k ai prw^ioa AiiirJ'ei! cr HIS* find L2l • East nf Ktittfa nvpcrt >*ly, ‘I h* nuflfillXg, fop™ lu shr i-baml imags <if SOAS1226 is due to 
sb GMQS dup i(Rp. 



Flo, 2, NlRSF&C ip#Una fot SGASl 52? Thr firaed spnein* are plotted icl bluck, with ilie Lcf error Epevlrjm in red. The X-iutu shown 
obtarrad wavetatiftth ir Apgptrmrji thr Y-ax. 1 ifh.a^'i obsETvtid dn> n uniin o£ erj; i L cm J Biiuv labftlfi mark -laLoclcd anifEHaii IjiM £& 
wdl an lines for which we mL-«itire upper tiuihs. 


Taolu 2. Mmsuiuiu jjnk fluxes. 
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We uk the CAL FIT package (vanuioo 3-0, Peng et al. 
201 fl) T .o fit Sorak profiles to neighboring griuius that feU 
within the abject aperture and subtract these from the 
images. AccurnLe masking of neighboring gfttajrip* be- 
comes vmy important for the Sphzer data due to the ex- 
tended > non-orciilitf PSFs of the IftAC and MIPS ittEiru- 


mentti. Wft have found the most robust masking method 
to be based on cror»-con volution. This consists of con- 
volving the Spitzcr data with ilift PSF of a chosem optical 
band and similarly conniving the optical C ALF1 T mod- 
eln of tK-igh boring sources wieh the relevant Spxzer PSF. 
These convolved models are scaled as needed and sub- 
tracted from the oanvohnd Spil^er image, 

We measure magnitudes at an oqtuv&Sent radius of 
twice the FWHM of the image. The optical and near 
fR date are aperture-correct^ to an equivalent radius 
of &* baaed on the curve of growth of the PSF reference 
star- In. Wuytft et ah (2010) T we convolved all optical 
and ncar-IR linage of RCSGA0327 to the spatial res- 
olution of the fl bench which present the worR^ seeing 
ov^r the D optica! /near- IE bands, q order to measure 
flux from the auine physical region of the source in afi 
bands This is noL repeated here: by aperture correct- 
ing final magnitudes la an equivalent radius of B" t the 
total source flux In e± icn bend ia measured, regards of 
prior PSP-malchmj;, Wo have reanalyzed the data for 
RC5GAQ327 without matching the PSPs and find final 
magnitudes consisted with the photometry reported in 
Wuyts el at. (2€10b within the Icy uncertainties, The 
aperture correct ioiih for the FRAG data are applied sa 
detniied in the ITtAC tmndbnok- 1 , the correction for the 
MTPS data is calculated from a Tiny Tim model of the 
24 pm PSF. The hfll'S photometry aleo requires ft color 
correction of -0.04 mag, as Elated in *he MIPS haiidbook 1 
(aEsumin^', f v — v^ z ). We derive limiting nuigniliates for 
a few non-deiectLona in the Spilzer data: the counter- 
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FiC ,1. NIRSFEX’ spfx-T. ra Flir The iluxed npcclfa are iitotted us bliick,. with the Iff trior sp^lnim in red Tfia X-aiii show* 

ubaurvMl wAVa-lungth Hj Aiiahititrua, vim Y-ha;. aWiWfi o'^drvail i:m :ri unLlp uf erg u ■ m y (iiup Labile mark Jufcc'.Hi ejnJyafain leea m 
wtU v Lina? Car whJch we upper Nfpita- 


imag* 1 of RGSGAQ327 is r,ut delected at 5,8 arid 5.0 
and SC AS 1527 is not detected id 24^m, We convolve 
ihv frnfifie of the fiourre in a chosen optical band with 
the relevant Spilzer PSF p sea In It and manually insert 
it into the convoked Spitzer image at 100 random posi- 
tions aw Ay from real sources. Limiting magnitudes arc 
determined from the scaling where SExlraciior (Bertin & 
Amonts 1996) detecla 90% of these mock objects at 3ff. 

Final magnitude* are corrected for galactic extinctioi; 
(Schltgtjl 1908). Photometric un certainties include Pois^ 
^ue noise, absolute z^ropo] at uncertainties, uncr rtainties 
from ihc Spitzer aperture ctJiTeetirs:^ as detailed in the 
instrument handbooks, and jneerLaintlira from the mask- 
ing of neighboring gaEnxieg; the latter two dominate the 
lota! uLncertainly. We independently analyze the IRAC 
and MIPS dala for cB58 and Hod firsaJ magnitudes con- 
sistent with the photon ietrv in Siana cl al. (2008). We 
choose Lo UiSe uncertainties twice as large as reported 
there, to take into account the Influence of the halo of 
the neighboring cD galaxy. 

3,2. 5jJectrteE energy disl-nhulion modeling 

The available photometry fully characterize* the rest- 
frame IjV lo siear-IR spectral energy distributions of 
thcaJe pl&xiefl p allowing us to constrain the fireltar popu- 
lations (stellar nsass, age, extinction and star format ton 
rate) through a comparison to stellar population fiy nthe- 
fiis models, The presence of strong emission Hues at re*t- 
fr&me optical wavdcn^lhii could affect the broad-band 
photometry and therefore the SfiD fit. From the cTiiis- 
ssoii lin-? fluxes derived from the rrsirframe optical spec 
tmecopy, we estimate i ho contribution of the strongest 
emission lines to thn M- and K M - band magnitudes lo be 
at most 5-10%, which does not have a significant etifecl 
compared to the estimated photometric errors. Reddy 
et ai (2010) have also shown that the effect of emis- 
sion lines On the besl-fit age and stellar mass is further 
reduced when JRAC data (which is uniiilecied by line 
contain 1 nation a! these redslufls) is incorporated. 

The feting procedure h as well as its caveat* and dc- 
gene rack'* , is explained in more detail m Wuyte ut a:. 
(2010). We use Hypen (Bdlzonella et ai. 2000) to pur- 
form SEO Fitting at a fixed spectroscopic redehift. Tha 
newest BruzuaJ &c Chariot population pynthr-ais mod- 

s ht,tp: //asc 9i*nmz -falltth- edu/ ! r«£/lndaftTuxiMi*hra 

* http; / /hc »pllR*r .v4ilflCh.iwii,[/ tnlpfl./lajip^iftJFrtrrjnipnlhfli^Jbo€i k / 


ds (CB07, kindly made available by the Aut hors see 
Bru/ual & Chariot (2003)) air Ufied, with a Cbabrier Ini- 
tial mis-s function (Chabrier 2003) and & Cidzetti dust 
extinct ion (Grttaettl el fuL 2000) e Tb reduce the niim- 
tier of degrees of freedom and rtccon. parrying degencra 
dee, we fix the metallic ily ai 0.4 for all 4 sources., 
consistent with the abundance indicated by retJl-frame 
optical spectroscopy (i!ee SED templates in the 

literature most often use constant star formation mod- 
els or exponentially dec lining models - 5FR ~ - 

with a wide range of vmues for the e-foltling time r. The 
current SFR reported by the SED filling procedure de- 
pend* strongly on the ass-LLmca star fonnatio d history. 
Other stellar population parameters likr dubft extent' Lion, 
ngt and even stclEar mass can be influenced as they 
Bill work together to produce the observed SED and nu- 
merous dcgenrraciefi and tracUHolfe exist. The ranj^ o[ 
SFl [sallowed in the SED fit is therefore not an firbrltrary 
choice Exponentially declining rnodeib ass urns that we 
observe the galaxy at its ni irurmim SFR n wliidi is nol. nec- 
essarily justified for filar- forming galaxies at z-^2. Maras- 
tot] et ai, (2010) explore in verted t- models where the 
filar formation rate rises exporjcntiaily with time SFR 
^ « 4f; ' f - mid find a significant impruvemem in tbo re- 
production of stellar population puranfLeim for a *amp!ti 
of mock star-forming galaxies at ? ^ 2. For this sam- 
ple of lemed galwti-w, we chooae to limit ourselves to a 
constant star formation history (CSF) as h reasouable 
average over :he gedaxy'g Hfetime and a compromise be- 
tween exponentialty dedinlng and rising SFfia Erbet *L 
(2006c) also find the currant SFR to be an adequate rep- 
reflentBrion of Lhe past average SFR for their sample of 
UV-selncied galaxies at z ^ 2 Additkmally^ CSF models 
atlow a mure robim comparison to other SFR indicators 
ritoeuseed In §3.1, for which liur: conversions from IturiSnos- 
ity iwe generally based on convlam star fonmtiiorv avellar 
population models. 

Now that we have fully defined the input SED models, 
wn b&vt; to consider the allowed range of stellar popula- 
tion parameters, spodBcally the stellar age. The domi- 
riant emta&ion of O and B stars in \ he observed SED of a 
star-forming galaxy can cautfe the inferred! stellar pop- 
ulation parameters lo be luminosity * weighted towards 
vvty young models, with isnrealistically high SFRy and 
low stellar maAfies An often umd measure to avoid this 
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luminosity- weighted bias restricts the vgs of the stellar 
population to tie larger than the dynamics] timescale of 
the gaiaxy fWuyta et el. 2007; Mar mtem eE aI 20ltJ; 
Reddy pi al, 2010} , Prom velocity dispersion and size 
immurements of z ^ 2 LBGa, this is inferred. to bo 
~ 71 Myr (Erb et tti. 20Dfk). We illustrate tliua bias 
with hiifLogr arris of ;he best-fit ages and star formal bn 
rates reported for 1000 mock realhuuiorii of the observed 
SELa ronslsteBt with the photometric urcartainiiGs {Fig- 
ure 4). Tii tire i§ a clear bimodalhy of Yflry young models 
(< 7!) Myr) and moderately older models (70-200 Myr) T 
which is Correlat-rd with el bimodaiity in the SFll. where 
the ; oung models require a much higher current SFR 
to build up a similar a tellur mays. Hfistiictbg the *ge 
io b* larger than the dynamical timescale avoids this 
class of un physically young stellar population* with ex- 
treme SFRa. For cBSS, only very young models (ages < 
20 Myr) are bund for the mock SEDs. 4m to the lack 
qT a significant ESalmcr break between the ./ and Jf-band 
phoumetry from Eilingsou c: ai. {1996}. This was also 
Ibiind by Si ana et ed. (2008), who report a best fit age 
of 9.3 til Myr. However, when the ago is restricted to 

> 70 Myr, more than 90 % of the mock SED* return 
a be^-fifc model with < 5Jj p which is not unreason 
able Wc will also show an §4,4 that the extreme SFRs 
which accompany very young beat-fit modeta for cBSd 
(300-600 M <5 yr^ 1 re can be seen from Figure 1) com- 
pletely disagree with the other SFR indicator*. 

A firthor argument in favor of the ago restriction 
comes from the mct&llteity. When the mcUiliicity ia tu 
lowed vary briwceis Q.22^, 0,4 Z^i and Z- . ihe SED 
fitting procedure favor* a metaJl icily of 0.2Z S for all 
4 galaxies, tower titan indicated by observations of the 
rest-fr&me optical spectra When the age is forced to be 

> 70 Myr* a memiliqhy of 0.4 is favored, consistent 
with t':e result* bar,* rest -frame optical spectroscopy 
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Rest icting the age of the stellar population limits the 
sensitivity of 5 he SED fit io the mos: recently formed 
star* (f-ri < 70 Myr timescales) and returns more phys- 
ically Meaningful stellar ixjpul&tion parameters, A re 
laiod tSNue is the presence of an old underlying simi- 
lar population ( I -2 Gyf timescales), which can contain 
the majority of a galaxy stellar mass without emitting 
enough light to be detected in the observed SED at rest- 
frame CY and optical wavelengths. The availability of 
IRAC data a* rest- frame ne&r-lR wavelengths gTea-tiy In- 
creases :he leverage, but liomo contribution of old stara 
cannot iw K ruled out from single component SED fitting. 
Full-scale multi-component SED fitting caji address the 
presence of older stellar fiopul&tioos. but it imt reduces 
additional degrees of freedom (tbu number, relative tim- 
ing and relative strength of the different star formation 
episodes b which the riala fail to constrain uniquely. We 
can set. an upper limn on the ooriLrihuiion oc an old andiftr 
population to the total stellar mass of the |ja'ax;«s with 
the ext ri me case of a very young model, minimally red- 
dened to match the tJV spectral alopu, comluneii with 
& max in : dly otd underlying model (Daddi ut al. 2CN>t : 
Simpler *X al- 2005, Wuyts et al 20101. Specifically, 
we scale a 10 Myr CSF model to ihe observed r-band 
m*gidtudes subtract this model from the observed SED. 
and scale the maximaJiy old model {t 3Gvr fi>r RC 
SGA0327 and t - 2Gyr for SGAS1527, SGAS1226 and 


Fec, * Hl'Siopjwiw rtf lbf> hMst-fil bj^ floft) and SFK 
for LCOQ ci.»ck SF-Ds i^raai«lciit wilh Llic phnUiiEi-tRc ui^ceriftLa- 
li m. A filter bUncHWJty rati be vM, The aJuuicd n^gkirw abtnf Iho 
tuftil-fil !^EI) rnorSflJf viih < 70 Myr, ^hirh ccrrcsponiJ cjirln 
si vrly cd tbr SFR. ^lutlosu Thu yw.Tt ol po.Fu rnctfir epsen m 
oumioatKcl wKai tb# i^q it restrkted io > 70 Myr 


CB5S) to match the residual magnitude al 3.6 jjm. Id 
this scenario, the sveUur maw is largely doniinatcd by the 
older utellft; populatioi], but w find it mi be at maximum 
a Factor of 1 .7 higher than the singfe-comp<iiient m am for 
ail sources (we have ooareaod the mass of tho older cellar 
population for the ma^ returned re the TSM b> eupvr- 
noi'ao^ this ita negligible for &gea ^-10-100 Myr (Ranzinl & 
Clot (■ i 1993}}. This place* a conservative constraint on 
Lhf maximuni contribution of old istnllar populatio?!.* to 
the UtUd stellar mas^ in these galaxka. 

3 , 5 . firiddemin.^ dia^noaite^ 

Trie presence of dual in galaxies causes redderuBg- 
Smce *he stars Find the ionised ga.s are not necessarily 
found in The same loeaLions within a galaxy, the stel- 
lar Ugh! and the nebular ermsskm lineii may not experi- 
ence the s&nse reddening. In local artar-fonmng galaxies, 
CalsettI i*: al. (1904) found the reddening of the nebu- 
lar lines to be a factor of ^ 2 higher than the reddening 
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□f the Stellas- continuum At z ^ 2, the *ame eftet h&i 
bee.'i seen for same star -farming galaxies, both loused And 
nondonsed (Forster Schreiber et al 2009; Finkekrteln et 
ni. 2009' Biari et ul. 2010), but other galaxies ahem- no 
reddening difference betm^en the stars iuhd, ionised gas 
(Er'~i €t al. 2005c; HainJine et ah 12000). 

The 3ED fitting procedure reports V) ¥ , the rad* 
dening of Lhe stellar light. We add the subscript to differ- 
entiate with Lhe reddening experienced by I he g&ixxy'fl 
iunlrrd g4ia, which we vt r iil denote as E{B - V%. This 
reddening can be derived frorn the B aimer decrement^ 
the rn-lio af the Ho to- Uff Auk. Wc fijfflUttw an intrinsic 
Balder de'cmnienC of 2.85, obtained for recormbkrnt fon 
cjffi B, election density n, < I0 4 em a and temperature 
HTK (Oawrbrock 1989). When no measure of the 
Bftlmer decrement is available, we use the empirical ra]^ 
Lion jCLvwq a galaxy 's stellar niasr. and its gas reddening 
derived at z *- 0.1 from the Stripe 92 subsampEe of l\m 
Sloan Digital Sty Survey (Eq 9 t CiibaEik el. al. 2010). 
Thifl G10 relation has mi uncertainty of — 0.2 dex on 
E{& - V]f at. I.he relevant stellar masses 6 . This em- 
piried relation has not been verified directly at higher 
redshift, although agreements with 24 om mion have 
been found at z - J (Gil banket si. 2010), but it is clearly 
preferable to Assuming au intrinsic Balmer decrement. 

3 . 4 - Star farmatum ratti dteipimtits 

A g-iEaxy's star formation rate ctm be estimated from 
wivand different indicators, the most cairiTiian nf which 
are tfce UV continuum emission, somelinies combined 
with t je infrared emiswioo from dufit grains heated by ab- 
sorbed UV photontij and the nebular emission lines from 
the iosttaed gas. Rest-frame UV luminosity Is straight - 
forward to measure at z ^ 2, but the conversion to a 
SFR depends on Lhe galaxy's stellar population and the 
iurmnesity requires a large correction for dust o dura- 
tion. Dust correc1.ons can be avoided by including Lhe 
gniaxy r e infrared emission fc which truces the Btetlnr light 
absorbed iiy dust grains, such that the combined UV and 
TK luminosity capLtires the total bolometric output from 
young stans. 

ftest-fraioe optical emission line Indicators require a 
smaller duet correction than the UV continuum, but n^o 
to be exi reptriated from the regions of the galaxy sampled 
by the Spectroscopic aperture. These aperture correc- 
tions are r'Spdcialiy imporLanl for lenscd galaxies, where 
the arc.* are often too extended to be covered by thr 
fllit and a precssc magnification model i£ required to ca- 
trapokiu ihe observed tine nirttssiion to the total intrinsic 
osniKhm of the galaxy. Additionally, in the presence of 
strong F'.u-iiar population gradients, the observed region 
might not be representative of the galaxy as a whole. 

Star foimatwn from UV lumm&stity 

Star formation rales based on rhe UV tTmtinuum ore 
etHiy to obtain a: z ™ 2. Two or more broadband tuag- 
ftitudem c.t rest-frame UV wavelengths suffice to measure 
the UV luminosity and to cut berate the dust cuirectkm 
from the UV spectral siopa, sa e&tohliflhed by Maurer 
et si- (1939} for local slot burst gshtxhs- (based on the 

Ci!8«-k HI si. (20t0> mu ttw Kr^upn IMF, vOnwtX tH# 
CSubrin IMP ws(.b ki|t(VL)(^i> ^ — 004 


Cal sett I extinction hiw). However,, this .method involves 
considerable uncertaintin^ live cotivertacm between UV 
liimlno«ity end SFR dapendr= strongly on the assumed 
stellar populat bn ntodel, mostly Its age and star forma- 
tion history, causing an uncertainty of at least fl.3 dex 
in the calibration (Kennicutt 1998). Add it i anally, esti- 
rnatfS Of ihe diitrt eonient bEu^cd 021 the UV ^pect ral slope 
euif^r from the degeneracy between a galaxy's dust con 
tent, its metaUicity end the ag^ of its stellar population, 
whETf» mure dust n mom uieiols or older PtarB will similarly 
cause a redder spectral slope. The availability of a spec- 
troscopic Eneaasireuient of the mcLallSclty, combined with 
Tmilrbwavelengih SED fitting with coverage of ihe ege- 
Bensitivc 4000 A break aiEdresfies both problems by fully 
dinrucserizmg the galaxy's cellar populat ian, including 
reliable independent estimates erf thi duirt content h metal- 
lidty and agi* For thfc*s rrnsons, wc will only uso the 
SFR reixirted by the ^ED fit In our final comparison of 
SFR indicators in j^.4 However, since mult I- wavelength 
phot ometry extending red ward of the 4000 A break b not 
^.traighiforwarfl to obtain ajiii metallidby measurements 
become Encreatingly nrieertam. for galaxies at : > 1 , w 
aim quantify how reliably we ran eSLimate tike duat ex- 
tlnrtion from the U V spectral slope In §4.2. 

Star farrmhon from infmred 

An independent estisnete of Lite dust extinction can 
be obtained from a galaxy's infrared hitninosity. Dust 
grains wili n- radiate the absorbed UV emission at itr 
frared wavelengths, such ^hat & g&kxy 1 * combined UV 
and 1R Inrninotdty is a good proxy for the total WoiocL- 
rir output from :Lk jipwIv formed itara. One caveat ii the 
coat r; but ion to the infrared ejriiasioEi from dusE heated by 
old ^itaia . Wc can ncuftmably asaiEme 1 iiis contribution to 
be negligible for E.his sample of galaxies, where the ob- 
served SEDs are bctu fitted by young stellar popuiat-iona 
and we found strict limits on the presence of older aiam 
(see ^-2). We use the SFR con version from et ul, 
(2005) a h w r hirh la derived for a ^-lOOMyr old stellar pop- 
ulaJnoTi with constant star fori ciation. 

SER. 

— pj- « 2.24 X + l.ftZ Ifl oo)erg £* (1) 

Ljfl is the total infrared lurabisoeity (-> 1 000 jim ) and 
A 16 OO — The factor 1.9 ocCOuntu for tbr & pec- 

tral slope of the as-dlar populating such that l-9l L ^oo 
hduriefi all the UV emi^on. 

Lin is preferably evaluated from sufficient infraretl and 
fiubmi lli meter data to caprine the bulk of the bolometric 
energy Output of the infrared SEE>. Crfori'inatHy, dala 
at these longer wavelengths is h&id to obtain, especially 
for sources at higher redohift, due to confusion noise amd 
senshivlly limitations. Fbr rhis nwnple, 24 ^in data exist 
for RjC^GA0327, cBM and SGASVS2T, eB58 has sd- 
ditiuttelly b^ea detected ai 70 (Slana ot al. 2008), 
850 /im (vaui der Werf et ol. 2001) and 1200 jum (Baker 
ffl al. 2001). Much work iia^ t>een done to calibrate Lm 
from obffirvof! 24 ;zm photometry, which iraceB the naid- 
111 region (6-1 2 pm) for galaxies ai z ^ 2. fhis wave- 
length range i-H dominaled Ijy polycychc ar omatic hydne^ 
carbon (PAH) feature which are stochastically heated 

& B*U et ml (200$) Ihe KtuieIhi IMF, *n concert u* the 
Chibrin [MF with SFHotyih = SF^kti - nia- 
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by single UV photons. Recent studies have shown I hat 
the physical conditions in stAr-fmrinJng gaiaxiRS at i ~ 2 
are simnftr u> tb ofle in local aur-Torminj; galaxies of 
mlicantly lowr Infrared luminosity (ftpovichet ah 3007; 
Rigby et al. 20UA; Rujopak&rn et ah 20 1 H), sudt that 
when local infrared SED* are used Uj extrapolate the 
observed 24 jim amission of z -s. 2 galaxies. /ij a will be 
over predicted by factors of 5- L0. I'his Is commonly re- 
ferred to aw the inid-IR nxcetm and baw been con honed by 
recent Hurschel result (Elbaaet al 2010; Ncrdon et al, 
2010) We avoid tha bias by using a new prescription for 
Lr# based on th^ local LR SETJ templates from Rfebs et 
a!. (2009). adapted to £ - 2 by accounting for the chang- 
i r i |4 physical conditions of higher redsiiift star- forming re- 
gion” {H ujopaiarL et. elL 2011b). This prescription ha* a 
systematic uncertainty of 0,1 dox. 

Star formation from nebular ovtfmen lint$. 

The luminoaity of the E a recombination tine is directly 
coopted to the incident number of Lyman continuum 
phot.i.ns produced by young stars., and hence is propor- 
tional to ihf SFR. Star ficumaMon rates derived from chist. 
corrected TLq Amiss idei me generally ssecn as robust and 
often lisod aw a comparison and/or calibrator for other 
indicators (e.g Gilback et al. 20 1 0! Reddy et ai 2010; 
Wher. thf j Hct liar Ls red&hifted out of the optical win- 
dow, :he [O HJ A3727 emission line is commonly used as 
an indicator of star formation- The luminosity of forbid- 
den iir .05 is tint directly coupled to the number of ionising 
photon*, since the excitation depends on, the abundance 
and Ionization State oT the gas Gilbaiik et at. (2010) 
derived a mass-fj^pendent correction for these effects by 
calibrating [O II] SFFts against dust- come ted Ho 3FRa 
locally 

W* use the conversions from In* and L[q u- to 9FR 
from Kenuicutt (199S) 7 - The reddening of the nebular 
gfte E[B - as derived in |3.3 used, to correct for 
ftjrtLiictioru For [O II]. *m also present value* of the cor- 
rected ;0 IT SFR following Gil hank el eT (2UlO) a . The 
Siae q[ thk correction Is relatively small aver the man 
range cf tbc galaxies 

4 RESULTS 

4.1. Pft^jir.rd conditions from rcst'fmmr. optical 

spectrotcopy 

Analysis of the nebular emission linos from rest-frame 
optical *|*ectr<xscflpy may allow constraints to be placed 
do extinction, Todshift, velocity width, electron dermity, 
ionization parnmetor and metal licity of gidaxiqs. The 
results for SGASI527 and SGASI226 from t ho spectra 
prelected in §2,2 are summarized below. 

* Brftncfion, 

We deteci two Bafraer lines for SG A 3 1527, Ha and 
H£ r in two different filters. Unfori imaleiy, because 
the NT observation larks a contem^xirary telfurlr 
standard p wc do not trust \he relative flux] rig be- 
tween Hq and HB to measure the reddening Hy 
is not covered, and US is last to a skyline. For 

7 K-caakutl {IMS} tbs SHlpetus IMF, wt! conver: K« th + 
Qzi^ri ar IMF w 3 a, 3Ffte*lp = l-T SFHchih- 

q ClUbank r: ti. (2030) use ttw Kmypn we toov*rt cp iKe 
Ch*J>rhcit IMF wit b ^FRcUftb SFR^foap^- 


SG A3 1 226 we detect only ode Balmier line, 110. Ht 
and were covered by the Nir^pec^b hller 1 but 
the lines were not detected- Ha i* not acoossible 
from the ground. Thus, w« are not able to relir 
ahlv measure an ext bet ion from the Bahtier linos 
for either galaxy 

• Rcdshift 

We fit the nebular r*d*bift. of SG AS 1527 using 
the following emission linos. [Ne Tlij X3S€9 k H/3, 
jO HI] Mm 5007 and Ho. ^ The derived red* 
shift is z — 2.76195 ± Q.0002. The nebular led- 
fihift of 3GAS1226 3 a derived from the emi^scon 
lines of I!5 a Jid fO III] A4959,5007 and yields 
i =■ 2.0257 x 0.0004, Both rcdBhlft* arc slightly 
higher than those reported in Kowterot at (2010)! 
which were booed on absorption features The preis- 
er.ee of galaxy outflows of ^ 200 km/s nfsL-frwnfl 
ran exploiD these effects. The emission line red- 
shifts measured here should serve a* the systemic 
rodshift.s, since one expects the H 11 remans to bo 
at rfist with respect to the etera. 

» VdocHy H/jdfA 

We measure velocity widths of bright Hue& r and 
compare them to the instrumental resolution us 
measured from Argon lamp exposures (see Rigby 
ol ah (2011} for more details}. Fits to tbc 
(G Jll i A4959.5007 and Ha l i nes of SG AS 1527 result 
in c = 47 ± 4 km a" 1 . For 3GA81226, ^ ^ 100 ± 
20 km s _1 ts derived from the [O HI] A4 939,0007 
linn. Up and the [O IJj A3727 doublet do not 
Inform this a^alypia, since HP is too weak for a 
useful mi-asurement of its lJnewldlhi and «n» the 
■0 II] A3727 double-! not sufEcicntiy resotved for 
n non dcgeaemns fSt. Those 1 values are coimistenl 
with the broad rouge of o — 40 — 200 km s" 1 found 
at i ^ 2 - 3 (Erb et al. 2006b). 

* Eir^-tron density 

Rigby et aL (2011} derived an electron density 
from a two-component fit to the fiux ratio of the 
JO HI A372? double: of RCSGAQ327- We have at- 
LEmpteil Ehis s&jne procedure lor SGAS1527 and 
SGAS1226, but the lower signal- to- noise of che 
spectra leads Id ambiguous fitting results. In 
SGAS1527, the line profile appears to htiva iwo 
aJinpooenLBj but filling It a* aucii re rums tinphysi- 
caily wtow Ilnewldtlis - half the instrumental rre- 
olutldn at this wavelength. The source of the prob- 
lem m-iy be the sky lime ihat foils on Ihe bluer 
line of t hr doublet. A* a result, we. raimoi oi- 
mnltaoKiusly determine both the doublet ratio *nd 
the vefocity di^pemion o in the |G Hj A3727 dou- 
blet. Instead, we vary o within ihfi rongo permit- 
ted. ijy the fir, to the [O 1!L| ^4959 .3007 lin«fl + fli- 
ts ng a doublet ratio for each value. This results 
in a flux ratio 6 ( 3727 / 3729 ) ~ 1.03 ±0.2. Using 
Lhr fRAF task stsdAi.Aiialyaia.neb our 

measuremeist mirm ponds to an electron dentRy 
n« = 400^2iS 3 at _ = Iff* K, Following a 

similar procedure lor 3GA51226. -we find h flux ra- 
tio of f (3727/ 3729) — U.59 £ 9 This ourresponds 
to the low-denfiity liimt for TJ. = 1CF 4 K. 
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R i g b> et <d (3011,) fouti'l a light Constraint of n* *= 
2»±3J ar* (at r. - IQ> K) for RCHGA0J27 
They lUinirjizi^i^njicrupti from the hieriLture fur 
the Clone, I hi? Conmk Jlorsrahpr and 30900-2234 
(a** *t ft) (201 S) for nefarcncefi) a* a wide 

range of n t = GOO - 5000 cm *, with jarge nn<*r- 
tamt*s for I nd iv. dual imumiiU. Th» con- 
jiiriunti are remarkably higher than the low eke* 

iron densities found firf RC3GA0327* SO AS 1527 
and SGA3122G which Ik- fke*r to the typical den- 
wtk* of local H It region*. n # ^ lOOcn * (t.|, 
Zarltaky et ai 1904) 

The Invert relation twiiwn electron density and 
of the H f) region* found locally (Kim Jk 
Koo 2001) predict* that local H El regions with 
*** 100cm 1 should haw diameters of ^ 8 pc 
[f iJm* rej&tion hold* at s *- 2, n* — 30Qcm _a us 
fnesjmred on uveragc fof RCSGA0327, SC AS 1527 
and SGA51226 wrenponrb to a lot- funni ng region* 
of 3 pc, while n, — lOOCon -1 at an Average for 
thn Clone h the Cosmic Hurmboe and JC9U0+2234 
implies H II region* a* small aa 1 pc. Hownve^ the 
MneurrainLLPH tin ih« electron density niwuireinems 
of the** latter source* ate Large, rust,- frame optical 
spectra of aknUiir quality to what we priest b Eliis 
paper and h*ve published for RCSOAD327 (Rigby 
et fll 2011) is nwcM for a larger sample of Indi- 
vidual 1 ibtf-fomilrig galleries nt ^2 

* iSpaitation parameter 

Figure I of Hawley & Oopka (2002) Illustrates the 
■tee of the flux ratio of [O HI) A&Q07 to ]i) II] A372T 
tui a diagnostic of t lie Lnnfraf ion parameter Aimini- 
ing an oxygon abundance of 20-40% sfllar (oa the 
Aflpluad ay&imiL), Equation IS of Kewley k DopiU 
(2002) v yields an ionization pnamc-itr ol In gt/ — 
-2J Ui -2.7 for 3G AS 1527 and ]agU - -2.8 
to — 2.1) for SCAS1226. This assume* no mLpo- 
tidfi; an extinction correction lowers the inferred 
fog U. These results increase the number of fouled 
galasdin for which this diagnostic is raea^tirpd from 
four to six . A* noicd in Rigby et al (2011), 
they all haw ray similar kmtewiton peremetera of 
fog 0 =• —2.9 to ^2,7 This I* roughly twice as 
high At “3-2 < logfJ < —2-9 measured for lower 
luminosity local galaxies (Mn-istaku rt al. 2008, 
2010 )- 

■ Oryqrn abundance 

Unfortunately p the "gold wUodord* diAguostic of 
eaygen abundant, |0 UJj Ai363, is UMwilabk 
in either galaxy, due tu limited wavekngth cov- 
erage in SGASL527 and skyline ronumlnaiiun in 
SG A 31 226 The reiki of [N Ul AS m to Ho, known 
the N2 index, U a conimofily-used. reddenirig- 
free abundance indicaior I'nforlufiately, the red- 
shift of 5GASE22G is Eoo high for chesi* Haw to be 
visible Ln the nnar-lR windows. The lines are cuv- 
ertd in SCAS1527, though (N Flj Is nut detected, 
limiting Lis to an upper lirnfii on the- cxygcu nhun- 
da^ce. We tfimufUiirouffly ftl Ho and the two [N IT 

Krwitu;, IJnplm (2009) i»r ihm nbunduu-iM ftfiui Andm L 
Qfftvim* ws convm Ko Asylund t4 hi i JOOIJ-). 


lines, yetting a roaimos lmewldlh for a]L thnv hsuss 
that is allowed to vary within the range measured 
above The 3cr upper IlhuI is log (-N 1 1 A6583/Ho) 

< -0.65. which currospurda to an uxygeti abun- 
dance of iJ +■ k>g{0/H ) < 8-5 and a mnallidiy of 

< 70ft of Bolar on the Aaplund et aJ. (2009) scale. 
The Iff upper limit on the mygen abundanie is 
J2-j-tof(0/i/} < which traiislales to < 40% pf 
solar. 

The Ne3Q2 index, the ra:io of LNe IIl A A58G9 to 
.0 H] A3727 is anothe r actxsSsSibk, rtyldening free 
abundance indicator. Urtfurtunatk^ the [Ne Tllj 
line is lust to a skyline in the spectrum of 
SGAS1226 For SGAS1S27. the mcawed ratio 
of log L[Kh mi A3S<59/[0 II) A3?27)^ -0 42^1? 
yields an abundance of 12 + fof (O/if) ^ 7,6 ± (1.2 
via the caJibration uf Shi ft at (2007) Thb cur- 
respondfl to a metalUnty of 5- 12ft of solar on the 
Af-plmnd et at (2009) scale. Uofortunaidy, a» Fig- 
ure l of Shi et nJ. (2007) inakr* clear, the ^atuir In 
th-E- cal [brat i nr. is Q.3 dex overal] and worm 

at tow ratios of [Ne IIX]/^0 R] Thk diogtHiitic dues 
therefore not prove useful bi this regErne, 

4,2, SteBmr pvptdaHon parameter* 

The gtdiar popufotfonn of the knt*d goJaxl^i arr coa- 
strained by the rest- frame UV to near-IB spectra] energy 
disinbuuuiifi Figure 5 shows "he b^L fit SEHii for l.tn- 
art and counter- image of RGSQAnc(27 4 cB5N, SCASLf^7 
^nd SGAS122ti at rest- frame wavelengths Wn have in- 
vrtfti gated whether t.he anlflil discrepancy beiwonn tlm 
photometry arid the SED model ih u£ can be Hnen 

for RCSGA0327, cBSS and SGAS122G around the 40D0A 
break can bp signifiwitly reduced by altowil^g 
tially declining 5FH*. We find that this Ls noi the case 
for cB58 and SGAS1226 For these galaxies the discrep- 
ancy ls due to a tension between our minimum ngc oon- 
btraim of 70Mrr (well motimied in |3.2) and the Lack 
of a significant 40G0A break m the observed photunxitiy 
For RCSGA0327. SED models with an a- folding time of 
r - 30 - 50 Myr provide imprwed fit* to the photucnctry, 
show'll by ihe da«bbd gnsen 1 .hgs n Figure 5. The aiTielu 
BFR derived from the SED fit depen<k jgreaily on the at- 
sinned fftar formation history For both the arc and the 
counter ^ -image of RCSGA0327, cxpouenttalJy dfclirung 
SF Hi with r = 10-50 Myr produce SFRs c 20 M t) yr \ 
much fsalier tbae indicated by the mber SFR measure 
nients (see §dL4), Recemi^ Wuyxs et si (201 1) havefim- 
t Isriy reported -he ceed for a nimbmqn ^fcJding time of 
log (r} - 9 5 (for CBOTinodels) to avoid SFRx that are 
ucderTOtimated compared to measurements derived frutr. 
the bulometrrc himinofi .ty for galajckn out to - ^ 3 For 
the reiatbely yo4ing age* of the It-: used galuit^ m this 
sac h long e- folding limun axe Cquivakut to ihti 
wA^umptiOn of coast ant sin: formation. 

Tab!# 3 reports the 5ldUr population parameters do 
riral from the SED fit- The confidence interval* lire 
rsLimatod from 1000 mock nwlirafthm of the obaorved 
SEDs wbLeh are conastent with the photometric uncer- 
tiUurlca, and by varying the age roatrirlLon betwpfln r rfJ 
kind ItHJMyt. The age t and reddening factor V) 

depnrtd solely on the galaxy^ colors: the stellar rnuM 
snd star formallun rate have an additional deE>ond<ipcfi 
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Resl -frame warva^gtn ;jim] 


FtCJ. 5. •• Eie*i- 11s stel'i.Lt s^Lirgy diritrilniibOLifl for ihe mr (top) 
wd UDhfr-hMfa (to&m) *f RCSO Afl327 r cm 50AS1G37 and 
SGAS:22fi rfenvec from ng^mtrictid CSF toodofe- Tfc* d<iflb(jd 
grc-tsn .itirt the lps|jrovod SUP fus for bbtb tb* *rc and 

' ■Hjritobiiftj;*- ejf RCSCrAu33T wh«. , n uele£ a: ^•p^menl Ln-I I y dec I je - 
Ing 3FH wkTi o-foldicig tent r= jfJ-EiO .Myi . PhuitamtfLry datapoirn* 
ATE DVtrpleritwi with iff etruftiAf*. 


dn Th-J leading magmftcaTlori, Tiased on WFC3/HST 
images, Sharon ct al, (5011) (in preparation} ryport a 
magnifies am factor of 3.0d (> 2 for the counter- image of 
KCSOA9327 and *n average magnification of 25.1 ±3 2 
across the giant are, Koe*ter et al. (2010) report mag 
uificaikor limit-* of < 15 for SGAS1527 and > 40 for 
SGASJ22S. cB5d is magnified by a factor of 30, with mi 
estimated uncertainty yf 30% (Seitz el ai- 1998). The 
mngniicatkm uncertainties a re included in thfi re-purted 
uncertain; lim for the stellar mms and SFEL 

The stellar populations of all four (ensed galaxies arc 
remarkably similar and can be characterised on aver age 
with an age liQMyt, r^idemng E(B - V) § — 0.17, 
SPR ^ yr -1 and sieliar mass ^ fi.u * 10^ Mq. 

Compared to reprraentatlve samples of !FV-.aeiectc<i gtar- 
forming galaxies at i ^ 2 - 3 (Shapl^y et si 3001; Erbet 
al. 2(MWb: Mannucci et al. 2009; Rtsdriy el al. 2010], ihcsc 
IciiFsd. galaxies represent young, a tar bursting totems 
with lew stHlar n'.fif^eQ. suggesting '.hey hiwn only ro 
chilly begun building their stellar population. The same 
conr.!u.<;OQ is reached from a comparison of the UV lumi- 
nosity jnd stellar mass to the rrijaracterifitic luminosity 
ami stellar ihh^s of comparable galaxies at z ^ 2 - 3. Us- 
ing the characteristic turriir-oslly from Ot>di et al. (2010) 
at z = J .5 - 2.0 for a comparison to RCSG A0327 mid the 
results from Reddy k Steidel (2009) al. z ^ 2.7 - 3.4 for 
a oamjmri&un to cB56 r SCASI527 and SGASlESfi, we 
find an average brightness of ^ 2.0 L P . The stellar mutt 
of the sample lies at ^ 0 08 M; lflr when comparing to 
the characteristic stellar mas* found by Murdraini et al. 
(2009) at * ^ 2 - 3. 

We dju revisit tSio issue rn.*ed b £3.4 o£ bow reliably 
one car estimate the dust talinctiori IS(B V), from 
the tJV spectral slope atone. This is relevant for galaxies 
al z > i t where Lcie photometric and spectj-Micoptc data 
requires. to fully characterise the galaxy's stellar popular 
tion through BED fitiing hecomos hard to obtain. We use 


the UV color uf the gahudes, drived from iho filters tha: 
best match the iwt-fr&me 1600A-2300A window, to mea- 
sure the UV spectral slope 3 {fx ^ A rf ). The reddening 
E(B- V), derived from 3 and rbe relation ealabllshed by 
Meuier at al. (1999- for loca! stur burs' la cemsi^- 

tently a faclor of 1 .25-2.0 lower thark tho value reported 
by the SED fit This underestimate* the du&L-^xJrrccted 
SFR of the galaxies by factors ol 2 3-5. 

W r e Investigate the origin of this discrepancy by es- 
tablishirxg the relatic^n between ft and E{B - V)* for 
representative CI107 models. For a range of values 
E(B — V) fl = |0 h l) r 3j we redden each SED model with 
the Gal/eLLi d us: extinct iosi law and measure the UV 
specirnl slope Imued on the same filters av^ailabie to 
for each of the four galaxies in the sample (specifically 
B &nd r for RC$GA0327 r V and / for cB58, r and z 
for SGA91537 And r i for hGAS2226). Since fi de 
pends somchat on the exace w&v-etength window used, 
this re$hits in four slight^ different rulaLions between 0 
and B{B - V ) # for e&ch SED model. Figure fl shown the 
Meurcr reiation In red, olfa?E from the E(B- 1^)^ valuoi 
reported from the SOD fit (biack datapoi A • \; - The rala- 
tlons between 3 and E{B - V)i for a &otar metallttity, 
590 Myr old CSF model and a 100 Myr old CSF model 
with & metal Hetty of and 0.4 Z a ore &hown hi cyan, 
blue and green rta^pectively. The iDOMyr, 0.4 Z - . CSF 
model is representative of \he average stflliar population 
of the galaxies, and can \m seen to agree wi'h th^ beFt- 
fit vaj iw. for bs(I3 - V) a from the SED fit. The lower 
metal lid ty accounts for much of the discrepancy with 
the Meurer relation: a 0,4 Zq SED modi 1 ! *.-• intrinsically 
ies^i red than a solar metal! Icily SED niixiel and lluis re- 
quires a larger dust correction to match the siamc UV 
spectral .-dope. In general, Lhis high, lights the duffer of 
blindly adopting -hf! Meuror relation to durt-enrreert the 
UV continuum erni^sion of high red shift galaxies, with- 
out fkddUional information on the fige and metalliclty of 
the Ht.dlar populatiOLM. 
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F re . 6 The r*b.ti i m betwann ihc 1 ' V F spectra! hJo|m 5 sntl ihii 

raddeiuri^ £(J-V)|, The local id^liun csIa^MkI by MailfW at 
al. (SS90) m Eho^'ii Lu red The bdB£4c dat&poinis ?Ihw inn ^alnxtfw 1 

best^^t E[B - V)* from the SEO fit. The relaticmi we darfv*d for 

t>i P SHIP mrxsrl'i are ahovn in cy»U, blue and ^«^ri. Ilia KflMyr* 
0 i Zq, CSF nil b r^prwMrntltivf <.f ihc avniagB Htcllikr hup'jie- 
Li on of the gnlaxjes arid ^kf wLUi Line r«ikSt« frcmi the SSCP Bl 
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T*RLI 1. St¥LLAM POPULATION FAWJ*ST£.rti- 


•« ure 

A (t 

E{U-V}, 


Sf'R 

CM^rr’ 1 ) 

RCBCA0327-A 

tzflTia 

0 l3.tO.(H5 

9 AJ-fl.06 

Ti±ia 

HCSGAOUr-C 

I«1±4S 

0 lOiOM 

V 76±0 O& 

52^ rs 

fB5« 

n±ia 

a .25 ±C 053 

* WhbO 14 

S3 ±27 

9GASIM7 

136^11 

0 13±0 06 

> 9.S3 ± u .04 

>n± m 

SGAS133A 

66-f i\ 

U3EhKHJ5 

< QM ±0 07 

<*s^ ts 


fABLf 4 Kxtijhttios rwn ri*rcs 


Iwmi 

mo-vu 

F.(B - ' 


ftC^ 7AG32J-A 

0 :s±0 CHS 

0.90±04ft 

OMitOU 

RCFJAom^C 

0 iOiO CM. 

+ + + 

0-20±017 

cuat 

0 ou 

0.h±u.jq 

uauioi? 

SOA31W7 

0 IBitlj 06 

* •* 

0 34 ±01* 

nki.ASliZf. 

D»iOOA 

Hit 

O.UifliW 


r^dini) 1- Reddunuft^ -i # >1 hi n 4«i4«r lifttu frurr, ihe SE.D ftl 

1 'i jI 'jt.’s (liiidnriJm th* ClflitiiMJ &U# frtilY} th* Hulllirl <km* 

uni 

Oakum 3. tWrtoi^uK uf tb* mbuUf **» baud on Uv Adler 
MiMP « dprimi li> GflMlk #4 *1- (3010) 


4.1. ffrrfdtfLITijT 

We report ilie reddening of iIkj cellar light. E(B - V) t 
and thfl reddening of the tanked gtu*, Jg(B V r ) j, in Ta- 

bta 4 ThnHC ol reddening arr Important to 

reliably correct the SFH indicntorn for duat extinction, 
£(B - V) m mi laknik from the 5ED fit, E(fJ - V) ff is ea- 
tlnmtiCl from the Cellar mnra following the locit GLO 
reiiL.oci {Gilbimk cl al 2010, wv §3 1). For thfr gi&cl arc 
of RCSGAG327 and for cB&fl. a measurement of the gas 
reddening ctua also he made From the B*Jm« decrement 
(Rigby et d 2011; TepLit* el a! 20001 and the mdeper.- 

dent cetimataft of E{fJ - V appear conritftcinl within 
the Iff imcertainttea. This augments that the loca! G10 
relation remains vnhd at s ^ 2 and there ii mild or no 
evolution in the d'ist content of galaxies u a function 
of runs* between these epochi. However, we note vhaC 
this h only baaed on two n.cajfurraiecu and more work 
la needed to verify the validity nf fchla focal prescription 
at higher whhift For RCSCA0M7 and cB58, we use 
tbe weighted average of both nHiurew of J E(B - V} § 
to coettd the nebular emiiiuou line SFR didkaiors for 
OdlDClfaviL 

Wlthia the Iff uncertainties, these reddening measure- 
ment* cmrol conclude whether or not the nebular emis- 
sion lines exporranoe larger reddomnic than the stellar 
light in :hls sample of star- Forming galaxm, 

4,4- Star F&rmoHpn Rjtft* 

We htvo outlined 4 different SFR indicator* in (3 4 
loused cm the SLD fn, the total InifometrEc himtatifrity 
and tbc iia and [O IP A3727 emission The SFR 
rreult from the BED fit is reported ill £4.2, after Mag 
fttfrwted for the Sprufmie magn kficalmn {25.1 ± 3.2 for 
KCSGA(327-A 1 3 0 ± 0.2 for RC3GA0327-C, 30 ± 6 for 
cBS8 t < 15 tot SGAS1527 And > 10 for SCAS1226). We 
fiUtnniarijE the tie- tended UV ami IR luiiiiJioemic* of the 


galaxy {corrected osarg the same mag:. ideation factor*) 
in Tabic 5 and use Equation l to derive the SFR (rum 
the bolomctric lurm&osity- 

The emission line iuimnotritie* of SGA91527 and 
SG AS 1226 are derived from the ohanVod fluxes reported 
in Table 2. As can be seen m Figure 1 . the NIRSPEC lilt 
cover* the whole source for both gabwrie*. so we can uar 
the total magruScatioru of < 15 for SGAS1S27 and > 40 
ftir 5GAS1226 to calculate the de-lm*etl himlnMtkH, 
without additional aperture corrections. Since no 
airetneni uf Ho exists for cither uource donT iru*«t 
the fluxing of SGAS1527 due to a time delay with the oh- 
flervatton of the tdJurk star and for SG AS 1236 Ha IMta 
outaide l ho observe hie window due to ita high redHhift}, 
we nee Hd and the extinction E(H - V) s deriviyi from 
the stellar mass following ihci Girt relation (see § 4.3) to 
mtiimate Lj/ a . For cHSS, the Ho and fO 11] A3727 lunii- 
nobities published by TeplLti d ai (2000) are iisi^I and 
corrected for a total magniBcatinn of 3U ± 9 Fnr Rf 1 
SGA0327, we usn the emliston line meMuremnnu* ffom 
Rigl^ etai. (20H) T Sharon cl aL (20U, ia pcoparatfon) 
calculate an averagi 1 magntficaxion of 42-2 ± 5-5 for I he 
arsa of the arc towed by the NIRSPEC *Ht Rigtrv et 
*3. (2011) recommend using the observed flux and ihe 
Balmer decrement to estimate Lft a For «ii gaUxica, de- 
letiwf lift a ad [O II j A3H7 lumiviaeiiip* are wunamari/cil 
in Tabk 5 and the resulting SFR* are duat -corrected tia^ 
tag the Caiietti extinction law and fiffl -■ V)* froan £ 4-3 

The different SFR indicator* are compiled \n Table 6 
and Figure 7 for m sy comparison- Fee SGAS252T and 
SGASI22G, all SFR measurements aru upper /taw iim- 
iM due to the poorij' coortrained magriificaticir., however 
oq a relative soak, thew Umita cmn still be uaed for a 
cotnpar-aon of the di&nnt indicator* 

The complex Serving sigr.aturt* of RCSGA032T doe* no* 
allow a direct comparison of tbe SFRi^ bet wen the gr- 
unt arc and the coimtor-image- The laim model toll® iw 
that the counter-image ia a more or l«s uniformly mag- 
nified Ltn&ge of the aounx plane pilaxy- Thu giam arc 
on the other hand ronai*tg of three merged iitsugce of thu 
buurce galaxy and depending m the JocaiLon wtth re- 
spect to ihe lenamg cataaiic, different regiona within the 
source plane Enlaxy receive very different magnificat Iona 
(see Sharon rt a!. 3011, in preparation, for more drtail*). 
The dc-lensed lumlnofitiefl and derivtid SFRa of the giant 
are n re therefore not repruwsitai.iv^ of ;hr riourte galaxy 1 , 
and should not be compared riirec-tly to the multi frutn 
the cours tor-imapr Additionally, Sharon ol al. 2011 (In 
preparation) find that the area of thn arc observed - 
truHcopi tally translates into u very 1 ^moll regiot: of the 
galaxy in the aource pfonc. which conjiffts of ft fevy highly 
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TABLE 3- Ll|WUI09m£S. 


KMl TCfl 

I 0 44 «rs s" 1 

ID * 4 erj 

lO 43 ^ i _t 

bo in , 

lowers 

RCS CSAU 33 T-A 

4 . 3 ±n.« 

M± 3 ,P 

54 ti - 4 ^ 

3 . 3 ±- 0 . 4 a 

ftC 9 G.«U 27 -C: 

B,I± 0-3 


... 

+ * + 

cEJfta 

l.lio .7 

4 _E 1 ± 2.2 

3 . 6 ± 0 .a b 

3 . 6 ± 0 . 6 b 

iSGASlSg? 

> Mi: 0.4 


> Wiff 1 

> 4 fi ± 0.9 

SGAStaas 

< 2-0 ± 0-1 

•ri H 

< U±D- 4 d 

< 1 . 7*03 


*Rl(b|y tft aS (201 1 J - w*ect®d for art avefoa* flW^kWM 43_2 ± S.5 iii ca^'idasKl by Shairwi & at. (“JOI l f Ld prepor *iiop ) Tliee* 
tunjir. -»rt rluriv^d fruftn thr. «f Use gi^lt ore titled fnr spcA.tnwaapY, ifchieh tr,vjL=Lr.™ tnEa a amid! Tegkui uf the ffulucy i:i th* 

**iic* plaiiB (Bb*ron *i ft]. 3flj 1, in. jsrep&ritjfln), on4 m imH valid for tb* whol* ffaEasy. 

^trjrJtz rt al. (2Q0C) 

e $tiA 5 !27 Wiifi twL d*-lect*d at 24 /jui, Liw reposed iiimcrahiy repraartiia h d£r upper li^ut, coufttcd a l/wer 1 1 aril on the maftTiificAtsoii 

flf < 15 

°Hi-it dfirjvfd frum Hi? iiud ike Rajni« decrnmenfc be d*riv«i f?uru ttw* ateLLw ninas through the CIO teLbAjou (ClLb&iik et al_ 20IU-) 


TASLifl, $TaSl FYHuiaTIuH Halts. 


HH1T» 

^fftSED 

SFRtfv-m 

SFR*,, 

ffj 

SFRgxp- 5 ttf c 

HCSGAtKi57-A 

7l±]-J 

37*0 

44*17“ 

4Bi21“ 

37±fl 

R0SGA0327-C 

52±1S 

27^:4 

* ¥ a 

4 r ■ 

39±7 

cB5S 

H2±27 

20±fi 


2fetl3 

36x14 

SCAH1&3T 

> 71 ± 16 

™ 31 3C 4 h 

> tisiira 

> 66 ±29 

39±4 

SGAS1226 

<48±!S 


<7iJ 

C an±B 

ie=b2 


"■ I been SFRh oib derived [Vom itue urea of tne giant *rc !&rg^1td for Hpectroacopy. which trariolat <A into a vir-ai) wgiem oi the Ln 

liue hhltc pla r ■ ' I’Simtcn ci eI 120-11, in p reparation )i slid are not valid for tht whofs galaxy 

was JiiJit ni<nfictflil at 24 |um, lht\ tepnned LmniuoaiUr laprrucnte a 3 a upper IltiuL, ooncected kir a tower limit on h!il niAgniEkiatioft 

Of < 15 


magnified individual aur-forming compile#- Fhe 5FR& 
measured for this area Iran the ffa atul [O II] A372? 
emi^hkn Line* are not valid for the 1 whole galaxy and we? 
do ciot include "hem ;a our overall com pariROB of SFR in- 
dicators. A future paper will constrain the Ho luminosity 
of the source galaxy from res^ frame optica] spectroscopy 
of the counter- image. 
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fic. 7.— Co^panum or SFR jndkaUw* Tb<J gmr SUM* C0n«- 
apcrikl %i> Li:e riiiLii&dependi-Jil G LO cornet km [ftf ^FR. 0 j f . Ffosm 
Cuban* et al ( 30 10 ). Tbs SFR ditttml frftm tfc* SEP fit H *ver*H 
thAj? the a: he* IrtifrLntofi, whkh «ML5 phU that tlw 

tJcHiKtkHG !w qvfef£r«ik;la thn ^uat r^rt^tior: the 

jt^. Tho rticuJw ah fit wi*h OiBineftfitj- SMC ^im;tiDn 

1#'^ aft! she vn jui £i^y cJ^rae. 


Fi^un? T shows a general trend where the SFR derived 
from tlsc 5 ED ftt m overall larger than tlit other indica- 
lore (excepL fnr SGAS1527J, This s'igg^sls that the 5ED 
fit, and th'iiP the duEi-correctod 1.1V continuum emissian, 
overpredlcts the sur formation rate, A similar result wms 
found for young t&Gn (op- < 100 Myr) at s ^ 2 (Reddy 
eL ah 3010), oiid for cBbS and the tkwmc Eye (Slone et 
a 1. 3009). These authors have suggested that i he Cain** tti 
extinction law is not a good i^presentattau of the du&L 
geometry in young LBGs at z ^ 3 and will significantly 
over predict she du^i eAtinctiori, 

The LiiflueDce of i.be Bbape of the extinction law on the 
dust extinction is commonly illustraied with iha Meurcr- 
plot (Maurer et al J£HJ9'i plotting the UV speclraS slope 
0(h i-v versus the ratio of FTL to UV [uir iDosily, 
which serves as a paranjeLri/.ution of the dust extinc- 
tion J h On this plot, a Kteeper cxEinctioti law r results Lu 
oompamtlvely more alKorption of photons at blue wwve 
length and ihus & redder UV spectra) slope 3 for the 
myna extinction. Fnr local star bursts, plotted m Little 
black cross** in Figure $ r the Cftlzetti extinction law kh 
the beat fit ^Meurer et al 1999). Reddy ct aJ. [2010) 
have shown tiiat aL ar ■ — 2, ihe CaSKetti Saw remains valid 
for star- forming gnlaxiefl with agi-s > 10f3Myr However, 
the younger LBGfi in their 6ample p as woii m cT15S and 
the Commit Eyc n all tend to lift b*dow S.Ils Caiz^tti curw, 
Fshovring (esa rxtinrtion than would be derived frnm the 
UV spectral slops. For those sources r the steeper extltic- 

11 SkuThr ct at. ( define ihiB rfllatkwi fr* r ::iiigrmtcd 

fmrid 40 m 1 2C1 tur- , v j lwr^ L;a - 1.75 X 4^ im the toli- 

brtlio?i by E.IoIe€tU^ et *- (StAxi) 1 
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lion few derived for the Small Magellanic Cloud (SMC, 
Prevot «t al 1984) aeenifi to bo a better fit. We can add 
datapomu for the arc and countcr^image of RCSGAQ327, 
for EG AS ! &2T and for our re-analysis of cB58 to this p Jot 
Due x the relatively blue spectral slopes of RCSGAD327 
and S0AS1527, these gjdaxfeft haw limited leverage to 
distinguish tietwiren th e different extinct ion laws. 



Fia. 3. — Dust blccnuHdsn., p^smeiteriaed as lL« rmttu bctwrttm 
1R ntic UV luminodtyi versus rcn-frime UV Hjwctrju a tope 3. The 
tmwur* m«F (t q| tool irtarhiint ^juries. *« plgtted jlh kiti.tr- 
ertsfiftt Tl» b«al-Hl rdation osmvponcii lu lb* duift ex- 

tiucrtkir ki* (Mtnirar H fit LEWS) I'lMlltHfHr 5MC extinction Law 
in also S^own . The i id dfii apoinlH for c lI-Vs and lh*i Cuvnnc Lyo aj? 
r .akfe3 Film $iaua€rt tl. (2Wa.i *nd fcl. [2D09J z-esjJtK Lively 

Tfc» telUi^Y blijfl iihacUrd trf HC$GAlI 327 and 5GA$1527 

haw littitnd Ssvr^p to distinguish Fuscyroctt I he diJTemnt rxtm£- 
Uon Ia^i, 

We have repeated the SED fitting with the steeper 
SMC extinction law. With the exception of cB5S. the 
best-fit SED can not be distinguished from the result 
obtained with the Caketti Jaw in terms of the reduced 
X 3 of the fit. The im proved At for cB58 was also reported 
by 8iar.a et al. (3008) The derived SFRs are lower by 
a factor of 1.3-7 compared to the C&lretti extinction few 
and therefore in closer generaJ agreement to the other 
SFR im ‘caters fgray circles in Figure 7). With the SMC 
law, the btullar mass is consistent with previous results* 
but the be'd-fit ages are higher by a factor of ^ 2 and 
there is no sob-population of very young extreme star- 
bursts, which makes fchp age restriction lo older then 
70Myr unnecessary. 

5, IQUUAEV 

This paper presents a uniform analysis of rest- frame 
UV to near IR spectral energy distributions and rest- 
iruine optical spectra for a sample of four of the bright 
cut lonfitd galaxies at z 2. Given the limitations of 
current iruciiitii> N aurh exlonshr data collection and de- 
tailed analysis of stellar | jo pula Lions and physical condi- 
tions would not be possible for individual galaxies a: this 
redshift without the magnification induced by gravita- 
tional lOLBmg. SED fits So the rest- frame UV to nftar-IR 
photometry result in very uniform stellar population pa 


rametera across the sample, which we can characterize ad 
young, bright, starbu rating systems with hub dust con 
teni and low stellar m&sst^ We derive a strict limit on 
the presence of an older stellar population. Restricting 
the age of the stellar population to be larger than the 
dynamical tiinescaic of 70 Myr during the SED fitting 
is necessary to avoid extreme young sUrburwL models 
and tu obtain rnntaUicitira consistent with thrive found 
from the rest-frame optical spectroscopy When the lo- 
cal Meurer relation (Maurer et al. 1990) is used to e^ 
lixmitc the dual correction from the UV spectral slope, 
E(B - V)* i£ underosii mated by factors of ] 25-2 t leading 
to underestimates of the nust-cormrLed UV continuum 
SFR by factors of 2-3.5. This is largely due to the lower 
rtietallicity [0.4 Z^l of the gtOaxtee, This result cautions 
the use of the Manor relation without further charac 
teri^at ion of a galaxy's stellar population and motivates 
efforts to measure mettfilritba for larger samples of both 
lensed and field gaJaxies al z 2. 

We present SFR estimates ba^ed on the SED At, 
the UV-rIR bofometric lumLooelty and the Ha and 
{O IIJ A3727 emission lines. The SED fit with the default 
Gaketti extinction law' reports a SFR yfliinmLo that is 
consistently higher thajn the other irsdJcators. Similar re- 
sults were found for cB5S and the Connie Eye (Siana ct 
al. 2000) This suggest* that the Oalictti eximction law 
Lb too fiat for young ft: tar-forming gpuwieg at z ** 2 and 
therefore over predicts ihtf dust extlnctioo. In the diag- 
nostic M surer plot, the galaxies 1 BpociraJ alopon are ui>- 
fortunately too blue to difFerenttate between the Caizeu: 
law and the steeper SMC cxiincrion law. SED fitting 
with the SMC law returns 3FJt$ lows by a factor of 1.3- 
2, bringing this method into general agreement with the 
other SFR indicators, within the 1* uncertainties. Thesi: 
results are a first attempt io compare the common SFR 
indicators in detail for individual galaxies at 3^-2; the 
comparj^cm would dearly benefit from a larger sample of 
galaxies 

We thank the referee for useful cortimcnta and suggea 
lions tfia- helped improve the quality and presentation 
of the paper. We are grateful to \Tthal Titvi and Janu-t 
Rhoads for additional ohservations of SG AS 1527 with 
NTREPEC. We thank Wiphu Rujopalmm and George 
Rieke for sharing their new ccmverBloriS between 24 /im 
un and IR luminosity for high radahift galaxiea 
in advanie of pubhcaLlon. We thank Brian Siana for 
helpful dj^'iistikms- EW adoiqwlcdges support from 
the C&rnegie-Bricisou Ptedoctoral Fellowship. Data pre- 
sented in this paper were partly obtained at the W.M. 
Keck Oli^ejvFiLory From (olescnpe time nfiocal>eil to the 
National Aeronautics and Space Administration through 
rite scientific partnerslu|j with the California Institute of 
Technology and the University of California, The Ol> 
^er\Titory was made possible by the generous financial 
support of the W,M. Keck Foundation We acknowledge 
the very significant cultural role and reverence that the 
siuiiir.it. of Manna Kea ha* always had within the indlfle 
none Hawaiian community. We are moat fortunate to 
have the opportunity to conduct observation* from itife 
mountain. 


H^FliREXCES 

AUftin, 5. S . Tycker, D. L. n Dn. H., Dkh|, FT. T. p Annia, J., Huddey* 
OfXiE, E. J h i; tViEEMJL, J. A H07, ApJ. &B2, L&l 


Adnsbcrf^f, K. L Steid^i, C. C., Simp ley. A P.. r Hunt, M. P-, i>li. 
O. X. Ttacdy, S- A..* Pwiini, M. 20M. ApJ. 6U7. 2S« 


13 


Arid+rn t , it tirrvem, N 19*9, Canwdiim. Act*, 51. 

Iff 

Aapl irrt. M , CrmroK, M>, A. i„ St, 5wU, P 

AkA&A. 47, ibl 

H*kit, A J., I.utx, □., GbiitfL ft , TSwown L. J. k Ldnwrt, M 
D 404)1. AfeA, 372, 1,37 

lUyJIa, M. B,, Henrwwi J, F, Gladder*, M- D,, KoWtW, 0. P, 
Sh won, K Dahl*, H., t Ofcn, M 3011. ApJS. 193. S 
Bell, E. rt *1. 2U03. ApJ. 529. 23 
fMwlrt*. V. * al J0C7. ApJ, 971, 1,9 
Bulla Z It Arwjuu, 5 1996, AA AS, 117* 395 
dran. F *4 *1 7710, AM, 734. 1177 

Bolton, A S.. Sprite. S-, Kwpum, l V E,, IYits T. Ic 
M°4ltk*t, L- A 3009, ApJ AJA. 70S 
ft ofanh^to. M , Mfrklksa, J M-. PWU, R. *500. ALA, 393, 4T9 
Biieujuiusii. J . Chariot, S-, Whir*, S t) M„ Tmnrtin C . 
KhlAs^ui:, G , Heckman, T Jl HilrJniiiioi, J. 2004, ifNR-AS. 
391, Ull 

Hmeual, O ., CWlrt, S 2003, S49SHAS, 344. 10D0 
Ru.ac, V. 3U07, ApJS r 173. 404 

Cabanaf. R. A. , Vulls OalMiud, D,, JtUllXaP, A, 0 , Lidman. C,, If 
Jit).i n, II. 2003, AAA, 439, 1,21 
relianat H. A. it *1 3007, At A , 461.813 
OklMttl, 13 , Kicnev, A, L , k SUH-ihj-tlarKinaEii, T. 1994, ApJ. 
439, 932 

Cefantli. 13-, Atm™ L-, Bahtin, R , Kttuwy, A L-. J., 

L Si^tu-Iicncrtnar,, T- MOO. ApJ. 6W, M2 
raljUli. f) et *1 3009, ApJ. 9 43, ATI 
CIhUm. C 3003. PASP, 1 15, 769 
Chary. 14, A- EIV-jl T) 3M1. ApJ. &». W 
Daddr E. * -j 2004. ApJ. 617. 745 
DMt.li I 20QT, ApJ. «. ISO 
Dekel. *. 2006. Nmnste. «7. til 
1 jr.ni i . E 2010, At A, 5 In. 7,12 
ROii**,, t3 2001. At A. 518. IJW 

"ffTB B-, Via. U. K. C , ftotbtoM, J . t Ktatafi, K. 1«M, ApJ. 

469, L7T 

D. K , Stwpky, A ft , Pkttlnl, 94., Stride!, C- C„ Reddy, 
V A A Jail er jt^r. K- L. 2Q©lla, Ap J. M4 813 

fcrh. Lf. K . StcM± 2 il, C. C . A E., Pettira, M., Reddy, 

N A. Adriberjer, K L. 3ttWb. AjJ. «*., 107 

Rib, D. K . Smsdeb C. C-, Stanley. A £ PrtWtj. H, Reddr. 

N A . Adritognr. K. I, 200ft , ApJ. 647, 138 
Fm*,. C G- *t a- 2004 AptS 1 94, 10 
Finlwbulo, 5 L at ti 2006, ApJ, TOO, 379 
ticilir Schrc-rbu, N M *4 *1 20011, ApJ, 709 1394 
flilrmiJt, l> G , Baidry. L K , HnJncii. M L . Gtaubrenk, K Jt 
ndkft. FL G 2010. AO-RAS, 409. 2:.'M 
GlLbv.k. D G . GlMden, M Y*# t H. K. C if Hu*b, B C 
2611, AJ, 141, 94 

Cmici^u.S., Bintla.J ct n! 3010, K8T 1AFPC2 PhtB Handbook, 

V. li.li, frr! . Bnitirjjure, fffSfl 

H.miliu*, K- N Sh^itay, A E . K. nwi.K A-.P^Iinl.M Huckley 
Gw, k „ Aliam. S S-. 4t Tbcknr, t) L 3039. ApJ- 701, 63 
ilaliri.hwL, J F rt al mOH. AJ, lift, «tH 
Kmittcuii. Jl.. FL C 199*. ARAlrA. 36, l» 

Knlty, L. J , it GnpiLa. M A 2002, ApJS. 143. « 

K_in, K -t , t Reef B -G 3001 AjJ, ™ 

Konui h P « J 2010, ApJ. 721. 1,71 
Law. □ FL ei L 3007, ApJ. I'M. 1 

Lilly, S J., Cwolto. C- W.. t StCRiwn, A N 3003, ApJ. S«, TM 
Lu> H et al 20C9. ApJ, bW. t?»3 
Matfai., P. ItWa- ApJ, 441, 18 
MannuCCi. k H il 2009. MNHA3. I0l9 
NTuwlcui. C„ Prpfr. J., RiTuiiM A , IWkli, I’-, Die±;anrn. Jrf 
Cimalli, A., 4 ToninJ, C- 2010, MA'HAS, *07, H30 
Manlwlnl. O., van Deklaim, P. Q., Fwittr Scbnllw. N, M., 
FVuk, V.. LabW, I..i Wuyle, S, 3W», ApJ. 7 0'. 1 7 « 


Vclain J S ol al 1999, Snewty uf Photo- Opt leal iMifutPeplatirs 
kV.^nrcn (SP1E) Gfjr.ferer.ee -SUM. 3394. 996 
Maurer G- B-, Heckman, t. M , k CaJirttL, D !6il9_ ApJ, 521,94 
IVrWtlhl J„ KemticdU. Jr., ft. C , k 17eti»nii, G A- 3006. ApJ. 
941,779 

M'.jairikii- KermrcLitt, Jr,, H- 0., TfeinunU, C. A., Dale, □, A , 
Smith, J -D. T., it CaUettl. D. »10, ApJS. !». V& 

Nonko, K- C et *L 2007 ApJ, MO. U3 
.Rordnn ft 2001, At A. SiA. LJ4 
Oodi. P. A. el aL 2010. ApJ. 739, UU 

Orterftock, L> E 1*6, AatrspAywa a Gmiuu* NetnJae and 
Acaive Galact tc N'jda 
ftanndU. M- at at 3009. ApJ. 09*, LI 1* 

hpaidi. C DkacM, M . Fapiain. II C 3001, ApJ, 563, 630 
Papua .= h. C. it at. 2007. ApJ. 66*. 43 

l-an*. C. V T He, L c., iMpcy, C D, Ic Bin, H -W, 3DIO, AJ, 138, 
3087 

J'lfwl, M L, Leqitbm J., Pitml, L , Maurkv, E k Bocw- 
UUmaranp, B. 19M. AirA, 132, 3*9 
Koddy, N. A ec »L 3006, ApJ, (144, 722 
Hr, Illy, X A . k HlrnleJ. <' VtLMLJ. At- I , '"3, 77-1 
Baddy, N. A., Etb, 13, K , PHtlni. M,, StelrW, C.C .k Shapliy, 
A, F, 20(0, ApJ, 712. 1079 
Raw hi, A . Cio-tj, U l»3, ApJ. 4*5- **** 
ftan.M 30i0. AftA, 516, T41 
Hirar. G. It «t at 3004. ApJ5. 1M. 23 

hi*ka, c. K-, Aiuoa-Uemn, A., VMuar, 0. J., F ciia C wiiOn, 
p G., Blaylkdt, AL, Donley. J I. .if HwoVac, 1J. 3W». ApJ. 
SOI, 555 

lUcbr. J. ft. at al 2006, ApJ. 575. 293 

Kifftv 1 FL, Wuyta. £ . C,a4dn*. M Mtar.-n Kjk Becker, G. D 
2011, ApJ, 732 39 

KitiDpakam. W , RjcAe, G. H . Eiwmidiii, D J , t if Junwut, S. SOU, 
ApJ, TW. 93 

I tujnpakium , W Rjcki-. G. H . Weiiwi . ft. .T . Rat, M , Walth. (1, 1. . 

4; Knrleltlpe, J- 3. 201 1, arXiv 1 107'lMI 1 
SalJm, S el al 3007, A P J3, 173, 20T 

ScMa*e|, D J.. Finkbeirar. D. P ic Davia, M 1899, ApJ- St», 626 
Won, M J. 1979, MNH.cS, 1*7, 7JP 

SeUi S,, Eaiflia, R. F., Beoder, A,, Itc^ip, U., BedOcii, P ,L- 7.'Hi-L 
ii .99*, MNFtA-S M«. 943 

Shapla-, A E„ Steidcl. C. C„ AHr»b«*er, K L . Dt-kinpcrD. M„ 
Gunm^ta, M., if Fetlim, 61 300), ApJ. M«. * 

Shapley A. B- *t *L 2005. ApJ. 615. 

Skaie.,, K , Gtaddee*. M D. Rr*liy. J ft , Wcyte. E K >er... 

B P., HkS» M iJ , ftanW.iw, J. R. WU, in pmp&rnlior, 

Sh. k Zhao. G . it TJan*. Y C. 3007, AAA, 475, 409 
EBama. D„ Tr|iln* FI 1 .Ghary, ft.- A.,, CoD'nt. J , if F)aj™, D. T 
ante. ApJ. 9M, 59 
Siair*, H « al. 2000, ApJ. *98 1273 
Small, t. it *j. 3M7, ApJ. «*. LXJ 

HteideJ, C C„ Slupley. A E-. Ihrtllnl. M„ Asleltiarger, K. L , l r rfb, 
D. K ftrekiy, N. A k Hunt, M I 1 3004, ApJ, (IU4. VH 
•rtpKti, H I- et aL 2000. ApJ. 6 S3, L» 

‘I7«n»nik. C, A fUl M04. ApJ. 913. JiW 
van tfcr Bar[, R Y J , Hiklateandt. H . If Erbrn, T. MW, AitA, 
533, A74 

Jar lAerl. p. p Krtudeen, K K„ UhM, 1 , it FV-HX M- 2001, 
Ikcy Milliiiyeiair Suwyt linpi-catkioa (w Galvy Fnnrj.-_.ni, *jd 
Ewltiiai. cd, J D, Luw^rhel i D H Hug1». 133-*- 
Wtiyu . 6 o al. MIC, ApJ. 734, 11*3 
Wuyta. S et *L 3007, ApJ, B55, 51 
Wuyta S- it *1. 301*, arjftv 1 108.5602 

Vac, H K C„ Impair., F... Hwrhtuld. J.. Carlberg, ft G 
OuWendrt. J.-C. I9U6, AJ, 1)1, I7M 
7j*flt»ky, D , Kvokutt. ft C , k lliirlirn, J. F. 1964. ApJ. 420, *7 



